The effl uent of the Tasman pulp and paper mill (Kawerau, New Zealand) has been intensively studied for its effects on the health of fi shes between 1998 and present. This review summarizes peer-reviewed scientifi c literature on the reproductive effects of the Tasman Mill effl uent on fi shes. In the 1990s there was an emerging body of literature from around the world showing that exposure to pulp and paper effl uent could cause subtle reproductive alterations in exposed fi shes. Locally, the Tarawera River had proved to be a diffi cult environment to conduct fi eld studies. To overcome some of the diffi culties with studying fi sh populations in the Tarawera River, initial studies on the reproductive health of fi shes were focused on mesocosm and laboratory bioassays. During the later part of this period of study, wild fi sh population sampling was conducted inriver to assess the cumulative impact of multiple discharges. The initial mesocosm studies were conducted with rainbow trout exposures over an entire reproductive development cycle. The Tasman Mill effl uent was initially observed to cause reductions in gonad size in females corresponding with lower circulating sex steroid hormones and reduced egg and larval sizes. This result was not observed again in the two subsequent long-term exposures conducted after 2001. Laboratory studies initially found the effl uent to have a masculinizing effect on female mosquitofi sh (Gambusia affi nis). This mosquitofi sh masculinization response disappeared after 2001 and was also not seen in effl uent-exposed wild populations. Upstream and downstream populations of the native common bully (Gobiomorphus cotidianus) showed different reproductive timing, and investigation revealed that genetic differences were a potential reason for these differences. Subsequent investigation compared the Tarawera River bully to genetically similar Rangitiki River bully and found no evidence of reproductive alterations. The entire body of published data was assessed with regards to changes at the mill and chemical profi les of the effl uent. It was evident that continuing effort on the part of the mill has resulted in gradual improvement in effl uent quality over the duration of the studies. However, the disappearance of reproductive effects as assessed by multiple bioassays corresponds to one major change: screen room closure in the pulp mill. This change would have resulted in wood extractives being shunted from the treatment system to the recovery boiler, resulting in a net reduction in compounds derived from wood.
Introduction
International research on the environmental impacts of pulp and paper mill effl uents on biota in receiving environments in the 1980s and 1990s led to the design of a research program to examine the effects of the Tasman Mill effl uent in Kawerau, New Zealand, which discharges into the Tarawera River in the Bay of Plenty Region. The state of knowledge in the mid 1990s suggested that with secondary treatment being the rule rather than the exception, acute lethality was no longer a major environmental concern. This was certainly the case with the Tasman Mill effl uent that had received secondary treatment since 1972. Organochlorines were no longer a major scientifi c concern due to the switch to chlorine dioxide as a bleaching agent. However, the complete transition to elemental chlorine free bleaching at the Tasman Mill was not completed until 1998.
The removal of acute effl uent effects led to observations of more subtle physiological effects in fi shes. In particular, the published data that suggested effl uent could lead to reproductive dysfunction in fi shes was a serious, though controversial concern (Van Der Kraak et al. 1992; Munkittrick et al. 1994 Kovacs et al. 1997 ). These observations came precisely at the time when the phenomenon of "endocrine disruption" exploded globally as a public issue. As many of the observed impacts were based on fi eld studies with wildcaptured fi sh, there was considerable controversy as to the validity of those studies with regards to comparable habitat, genetics, fi sh exposure, reference site choice, and other confounding variables that are a fact of fi eld studies.
In addition to the global state of knowledge on the fate and effects of pulp and paper effl uents, there were a number of factors specifi c to the Tarawera River that infl uenced the experimental routes taken. At the time, most wild fi sh surveys were conducted with largebodied fi shes. Eel are the only native large-bodied fi sh in the Tarawera River and their life cycle prohibits the study of the effects of effl uent on their reproductive development. An in situ study had been conducted with the native shortfi n eel (Anguila australis) that showed elevated hepatic monooxygenase (MFO) enzymes (Jones et al. 1995) . A single study had been conducted with rainbow trout (Oncorhynchus mykiss), but the period of residency of this species in the mainstem of the river was questionable and reproductive parameters were not examined (Donald 2003) . Many fi sh species in the downstream Tarawera were highly migratory, making them poor monitoring species, and there was a general lack of basic biological and physiological knowledge of other potential monitoring species.
The downstream Tarawera River, once part of a large wetland on the Rangitiki plains, was heavily channelized in the early 1900s, and the high fl ow velocity in combination with a rolling pumice bed make the river poor fi sh habitat. The altered downstream habitat led to relatively low fi sh abundance and diffi culties in sampling. The Tarawera River had multiple effl uent inputs including two pulp mills, sewage, stormwater, and geothermal (sewage effl uent is no longer discharged to the river). Thus, it would be diffi cult to tease apart the relative impacts of those effl uent inputs from the Tasman Mill effl uent, which was the furthest downstream.
In the mid 1990s environmental staff at the Tasman Mill made the decision that environmental effects research at the mill should ultimately enter the public domain through peer-reviewed research. This was a refl ection of confi dence in the effl uent quality at the mill, a culture of ongoing improvement, and the wish of staff that research should hold as much credibility to stakeholders as possible. The studies of the Tasman Mill effl uent continued for over a decade until the present day. This review will summarize the results of this body of research and draw conclusions as to the overall effects of Tasman Mill effl uent on the reproductive physiology of fi shes.
Research Program Design
The Tasman Mill is located adjacent to the Tarawera River in the Bay of Plenty Region of the North Island, New Zealand (Fig.1) . The Tasman Mill uses both kraft and thermomechanical pulping (TMP) processes. When the initial studies were conducted, the mill produced 760 and 1,010 air dried tonnes per day of kraft and TMP pulp, respectively. Presently, kraft production is at 820 air dried tonnes per day and the mill produces a similar quantity of newsprint. Initially, the mill furnish was largely softwood (Pinus radiata) with the occasional pulping of Eucalyptus sp., while at present the mill uses about one-third eucalypt with the remainder of the pulping furnish being pine (all of the newsprint furnish is pine). Kraft pulp was chlorine bleached at either of two bleach plants with sodium hypochlorite (HH, now discontinued) or chlorine dioxide (DEopDnD or DEopPD -with the latter being currently used) (D = chlorine dioxide; Eop= alkaline extraction reinforced with oxygen and hydrogen peroxide; P= peroxide; Dn = chlorine dioxide reinforced with nitrogen compounds). The Tasman Mill has been elemental chlorine free since April, 1998. The TMP effl uent was pretreated in-mill using an aerobic moving bed bioreactor from the onset of the studies until 2006 when the bioreactor operation was ceased. This pretreated effl uent, and the effl uent from the remainder of the mill operations, was collected into a single drain and after screening and settling, was treated in an aerated lagoon system with a 5-to 6-d retention time prior to release to the Tarawera River. The Tasman Mill has had secondary treatment since 1972. The mean total effl uent fl ow of the Tasman Mill was approximately 180,000 m 3 /d, which had been reduced to 130,000 m 3 /d over the time span of these studies. The dilution of this effl uent in the Tarawera River ranged between 5 and 12% (vol/vol) over the duration of the studies (currently approximately 7.5%). The circumstances at the Tasman mill in the mid1990s described above contributed to the building of a research program on the health of fi shes exposed to mill effl uent (Fig. 2) . The program was designed not only to assess potential toxicity of the Tasman Mill effl uent, but also to answer a number of more general scientifi c questions regarding the fate and effects of pulp and paper mill effl uents.
The diffi culties with using wild fi shes and with multiple confounding effl uents in the Tarawera River infl uenced a research program that would initially depend heavily on the use of artifi cial exposure systems, or mesocosms. The mesocosm research after 1998 focused primarily on the reproductive health of rainbow trout. Because facilities were constructed on site at the Tasman Mill, effl uent could be provided on a regular basis, thus averaging out the week-to-week variability in effl uent strength that occurs at any pulp mill. These studies maintained the maximum environmental relevance with natural river temperature and ambient photoperiod while controlling for confounding variables, particularly energy (food) intake, a major factor in wild fi sh studies.
The mesocosm studies were supported by laboratory bioassays and in vitro bioassay approaches that were more focused on determining potential causative agents in the effl uents. In particular, the international scientifi c focus at the time (which has continued to the present day) was on estrogens, and, to a much lesser extent, androgens in the environment. While such bioassays lacked environmental relevance in terms of determining potential population level impacts, they are more predictive to the presence of specifi c causative agents of reproductive dysfunction. As alterations to growth, reproduction, and survival are the only three means by which populations can be impacted, the overall product of the program provided a comprehensive picture with endpoints relative to those factors.
Finally, with an improved understanding of the direct biological effects of the effl uent, a change in research focus was required to attempt to delineate the effects of Tasman effl uent in the receiving environment relative to the complexities of cumulative environmental factors in the river. This review summarizes the three major areas of research, 1) mesocosms studies, 2) laboratory bioassays, and 3) fi eld studies, in three major sections. Specifi cs of the methodologies used are given in each section. The report then synthesizes the major fi ndings in light of their chronological order as it relates to effl uent chemistry and in-mill changes.
Tasman Mesocosm Studies
In 1998, an experimental mesocosm facility, composed of six 12,000-L epoxy-coated fi breglass tanks, was constructed at the Tasman Mill primarily for rainbow trout effl uent exposure experiments. Full strength (100%) effl uent was transported by tanker truck and stored in an 80,000-L concrete holding reservoir adjacent to the experimental tanks prior to dilution with upstream Tarawera River water. The mean measured dilution of effl uent in the exposure tanks averaged approximately 12% for the series of experiments conducted over a period of four years. Trout were held under ambient light and temperature conditions, and each was implanted with an individually numbered T-bar type tag to facilitate growth measurements.
The mesocosm studies were comprised of fi ve separate trout experiments (van den van den Heuvel et al. 2002 van den Heuvel et al. , 2004 van den Heuvel et al. , 2008 Ellis et al. 2005) . Experiments were designed to test a number of different hypotheses (for example the effects of exposure timing and ration). However, there is suffi cient commonality in design to compare data across experiments in order to examine temporal trends. The exposure density was between 65 to 80 trout per 12,000-L tank for all experiments. Trout were fed commercial salmon food and there was at least one group of trout with a ration level of 0.7% of wet body weight per day in every experiment that was used for all year-to-year comparisons. All experiments to examine adult trout reproductive physiology were initiated in September with the exception of the fi rst experiment in 1999 that started in January and was terminated just prior to the natural spawning period (this sampling date varied between late April and early June). Gonad growth in this strain of trout was observed to begin in late December. All experiments were initiated with age two-plus trout, with the termination of the experiment occurring near age three. However, in the case of the experiment terminated in 2003, trout were age four and had been exposed to effl uent for nearly two years. Most of the experiments included a component of egg fertilization post adult exposure.
Adult Rainbow Trout Results
There was no indication of elevated rainbow trout mortality due to effl uent exposure in any of the longterm mesocosm experiments. Rainbow trout exposures showed that a reduction in ovary size was only observed in the experiment that ended in the year 2000 . Reductions in ovary size were due to smaller ovarian follicles rather than due to fewer follicles. During the 2000 experiment, both a two-month and an eight-month exposure were carried out, but only the eight-month exposure showed reproductive effects. The 1999 experiment was only two months in duration, identical to the two month exposure completed in 2000.
These shorter-term exposures were both carried out during the latter part of vitellogenesis and are consistent in the lack of impacts observed at this time. The females in 2000 showed signifi cant correlations of gonadosomatic indices (GSI) (measured upon termination of the experiment) with estradiol, testosterone, and vitellogenin (vtg) measured at several intervals during the experiment from the initiation of vitellogenesis to prespawning . Steroid hormones were measured for all of the experiments, however in many cases, they were measured only at the termination of the experiment. Steroid hormones were found to be of limited value during the period immediately preceding spawning due to the rapid changes that occur in steroid levels at this time. The 2000 experiment demonstrated that steroids showed a better relationship to GSI during mid and particularly early vitellogenesis.
Rainbow trout consistently showed no changes in liver size or in condition factor over the various experiments with the exception of the last ration experiment, as described below (Table 1, Table 2 ). Tagging of rainbow trout facilitated the measurement of growth in individual fi sh. Males and females showed consistent patterns of growth over the experiments. Signifi cant decreases in growth during the effl uent exposure were noted to be statistically signifi cant in the 2000 and 2002 experiments, with a similar trend seen in 2001. These were not interpreted as an effl uent-associated physiological effect, and it is likely that the reduced water clarity due to effl uent colour increased the probability of food pellets reaching the bottom of the tank without being consumed. Ration experiments confi rmed that growth differences were most apparent at higher rations and not at lower rations ).
Liver MFO activity, as measured by the 7-ethoxyresorufi n-O-deethylase (EROD) endpoint, was measured in both males and females at the termination of all experiments. EROD is a well established indicator of exposure to a number of organic compounds, and while it is not a measure of toxicity itself, it may be related to other mechanisms of toxicity, depending on the class of compound causing the induction. Females typically have virtually no EROD activity during the prespawning period, so all comparisons are performed using males ). This effl uent consistently caused a relatively low but statistically signifi cant level of induction until 2001, when EROD induction could no longer be detected.
Trout Egg-Hatching Studies
Trout egg fertilization and hatching was performed using fertilized gametes from adult trout exposed in mesocosm experiments. Data is presented from 1999 and 2000 experiments only due to experimental failures in other years. The relative impact of maternal exposure (mesocosms experiments) versus direct effl uent exposure (conducted in the Rotorua laboratory) was assessed by a comparison of directly exposed eggs and larvae with the eggs and larvae of exposed adult trout that were reared in reference water (Ellis et al. 2005) .
In the direct egg exposures, there was no marked effect of water hardening with 15% effl uent on the fertility or survival of eggs to 16 d (Ellis et al. 2005) . In a subsequent exposure (with hardening in reference water), no signifi cant effects were found on mortality to hatch, time to hatch, length at hatch, mortality to swimup, mortality to 320 d, or deformity rate at hatch.
Exposure of adult trout to 10 and 12% effl uent for two months, followed by incubation of the fertilized eggs in reference water, produced no impact on fertility, survival to hatch, survival to swim-up, or length and weight of fry at swim-up Ellis et al. 2005) . Exposure of adult trout to 12% treated effl uent for eight months prior to egg fertilization also did not result in differing rates of fertility, mortality to hatch, or mortality to swim-up. However, the 8-month maternal exposure did result in swim-up fry that were signifi cantly shorter and weighed less than the reference swim-up fry (Ellis et al. 2005) . This difference corresponded to smaller gonads and eggs in the 8-month-exposed female trout described in van den . Overall, these results demonstrated that this pulp and paper mill effl uent is more likely to elicit indirect impacts on progeny size through chronic exposure of adults to effl uent during gonadal recrudescence rather than through direct exposure of early life stages to effl uent.
Ration/Effl uent Interactions Study
The last two mesocosm experiments (2000 to 2003) incorporated the combined effects of energy intake as manipulated by varying food ration with pulp and paper mill effl uent exposure over either one or two consecutive reproductive cycles ). This design was pursued in order to test the hypothesis that elevated energy intake could mask the reproductive effects of Tasman effl uent as observed in the previous exposure. These experiments are outlined further here as the long-term data presented above only represent a subset of these data where ration levels were comparable (0.7% of wet body weight).
The ration studies demonstrated that the level of energy intake affected the full range of measured parameters including energy allocation to somatic growth and gonadal development, steroid production, and haematological parameters . Increasing ration level expectedly increased growth, condition, and liver and gonad size. Female trout in the higher ration treatments produced more follicles and had larger eggs, investing the same relative proportion of total energy into ovarian development (as per GSI). Sex steroid levels and haematological parameters were also positively infl uenced by increasing ration level in males and females. By far, the most dramatic impact of reduced ration on reproduction was to substantially reduce the frequency of sexually maturing fi sh. In trout exposed to the effl uent over two reproductive cycles (sacrifi ced at age four), the frequency of immature females was 1.5, 17.5, and 36% for the high, medium, and low rations, respectively. The effects of effl uent exposure were not as marked as those linked to ration level and typically did not manifest until the second ration experiment where trout were exposed through two consecutive reproductive cycles. Those ration experiments served to illustrate that differences in energy intake, which also occur in natural populations, produced effects of far greater magnitude than any observations made in trout due to effl uent exposure, but did not appear to change the response of trout to the effl uent.
The physiological effects of pulp and paper effl uent exposure observed in these experiments were not consistent between the two ration experiments conducted, nor were they consistent with previously observed impacts in similar experiments with this effl uent. Effl uent exposure over one reproductive cycle did not impact any physiological parameters in trout. However, when effl uent exposure was maintained over two reproductive cycles, a new pattern of effl uent response emerged (in addition to the dietary effect), including increased condition factor in both sexes, a reduction in red blood cell counts in females only, and increased sex steroids and reproductive investment in males only . Effl uent was also observed to cause reduced growth in male trout over the two-year exposure. The effects of ration on gonad and liver size were far more obvious and consistent when a longer exposure was employed; thus, it appears to take more than one full year for energy intake changes to be refl ected in those particular physiological endpoints.
Laboratory Studies
Laboratory toxicity studies were conducted to assess androgenic and estrogenic effects in fi shes exposed to Tasman Mill effl uent. While many of these studies were conducted in the laboratory in Rotorua, some of these short-term studies were also conducted at the Tasman mesocosm facility. These studies are also included in this section due to the relatively short-term nature of the experiments.
The androgenicity bioassay used was mosquitofi sh (Gambusia affi nis) masculinization. This bioassay takes advantage of the sexual dimorphism in male and female mosquitofi sh with the male possessing an elongated anal fi n which acts as a sexual organ. This organ, called a gonopodium, can be grown in a female exposed to endogenous androgenic compounds (Ellis et al. 2003) .
Mosquitofi sh exposures were initiated in late 1998. Mosquitofi sh were exposed to Tasman effl uent for 21 d with daily static renewal (Ellis et al. 2003) . Untreated effl uent at a 15% dilution and treated effl uent at 15 and 70% dilutions were utilized for those experiments. Female mosquitofi sh were then judged as showing masculinization or not. A subsequent mosquitofi sh exposure was conducted in mid-1999. The purpose of this experiment was to examine whether masculinization was associated with hydrophobic compounds in the effl uent. As hydrophobic compounds tend to bind to suspended solids, this was tested through glass fi bre fi ltration of the effl uent. The hypothesis that plant sterols or their chlorine dioxide oxidation products could be androgenic was tested and no evidence was found implicating those compounds (van den Heuvel et al. 2006a ).
In the fi rst mosquitofi sh experiment, signifi cant masculinization was demonstrated at all effl uent concentrations of treated and untreated effl uent (Ellis et al. 2003) . Treatment appeared to remove some of the androgenic potency of the effl uent, though masculinization was still present at environmentally relevant concentrations of 15% effl uent. The results of a subsequent experiment revealed that fi ltration was able to entirely remove the masculinization potential of the effl uent.
Tasman Mill effl uent was not retested again until 2002 (Bandelj et al. 2006) . At this time, a more sensitive endpoint of masculinization was used; the fi n ray 4:6 ratio. During masculinization, anal fi n ray 4 elongates while fi n ray 6 remains unchanged; thus, an increase in the ratio refl ects masculinization. Experimental exposures were conducted similar to those used previously, except a 50% vol/vol effl uent concentration was used. In the 2002 experiment that used a 50% vol/vol dilution of the Tasman Mill effl uent, masculinization was not observed (Bandelj et al. 2006) .
During the 2002 exposures, an additional endpoint was examined: in vitro steroid production of mosquitofi sh ovarian follicles. This endpoint involves the culturing of ovarian follicles for 18 h in media and subsequently measuring the sex steroid hormones produced as a measure of the steroidogenic capacity of the organism. Mosquitofi sh exposed to Tasman Mill effl uent had signifi cantly lower testosterone production than the reference group. In 2004, it was possible to capture a sample of mosquitofi sh directly from the Tarawera River from the receiving area below the Tasman Mill effl uent outfall. Masculinization of female mosquitofi sh was compared with that of a Lake Tarawera population, and it was found that there was no evidence of mosquitofi sh masculinization in the Tarawera River (Bandelj et al. 2006) .
During the mosquitofi sh exposures from 1998 to 2002, a measure the androgenic potency of the effl uents was conducted using in vitro receptor binding techniques (Ellis et al. 2003; Bandelj et al. 2006) . These techniques involved chemical extraction of the effl uent, and concentration of the extract followed by a measure of the ability of the extract to displace radiolabelled steroid from a receptor preparation. In earlier studies a goldfi sh testes androgen receptor preparation was used, and in later studies a rainbow trout brain androgen receptor preparation was used. These two androgen receptor sources vary in their relative binding of individual steroids. However, the levels measured should be roughly comparable. The total androgen equivalents measured in 1998/1999 was 155 ng/L as testosterone, and in 2002 was 87 ng/L as testosterone (with upstream Tarawera River reference water measuring 17 ng/L). Though this decrease seems insuffi cient to explain the decline in mosquitofi sh masculinization, it must be realized that the relative potency of individual compounds in the in vitro bioassay may vary considerably from that in the mosquitofi sh bioassay.
Trout Estrogenicity Studies
The expression of vtg was measured in a number of short-term and long-term rainbow trout bioassays (Table 3) . Out of fi ve trout effl uent exposures in which vtg was measured, vtg was only signifi cantly induced on one occasion. In 2002, estrogen receptor agonists were measured in Tasman Mill effl uent by methods similar to those described for androgens above. The estradiol equivalents in the Tasman Mill effl uent were measured at 35 ng/L compared with 4.8 ng/L as estradiol equivalents in the upstream Tarawera River water (Bandelj et al. 2006) . Taken together, these results suggest that estrogen agonists may be present in the Tasman Mill effl uent at low levels and only occasionally reach suffi cient levels to cause biochemical effects in fi shes. It should also be noted that human sewage was removed from the Tasman Mill effl uent stream in 2002, and human sewage effl uents are known to be signifi cant sources of estrogens.
Field Studies on the Tarawera River

Common Bully Population Surveys
A small-bodied native goboid fi sh, the common bully (Gobiomorphus cotidianus), was chosen as a monitoring species in the development of wild fi sh monitoring protocols for New Zealand. Common bully population surveys commenced in January 2003, and surveys from nearly 20 sites across New Zealand indicated that spawning of the common bully generally takes place in early summer. Thus, to obtain prespawning bullies with signifi cant reproductive (gonadal) development, November to January was indicated as the best sampling period. Wild common bully were only sampled downstream of the Tasman Mill effl uent outfall at this time.
The initial survey of common bully revealed that upstream bully had substantially greater (10-fold) ovary size than downstream bully (van den Heuvel et al. 2007 ). It appeared from these results that either the downstream population was not reproducing at the same time, or else downstream populations had a complete failure of reproductive development. In either case, the remainder of the data such as liver size and condition factor could not be interpreted since these factors change with stage of development in fi shes. The exception to this was MFO activity which was induced in downstream common bully. This result precipitated over two years of subsequent investigation to explain the dramatic differences in these populations. A number of hypotheses were sequentially explored to explain these results, including 1) populations differed signifi cantly in age or age/size structure, 2) bully migrated upstream to spawn, and 3) populations had a different annual spawning cycle, and thus represent reproductively isolated subpopulations.
Age-length relationships between the upstream and downstream populations were not signifi cantly different, and tissue analysis for stable isotopes of nitrogen and carbon showed that the upstream and downstream populations were clearly spatially distinct (exposure to pulp mill effl uent causes a clearly distinct carbon isotope signature downstream). Bully sampling in July 2003 showed normal gonad development at the downstream sampling site. Thus it was confi rmed that upstream and downstream populations had different reproductive timing.
This in turn led to a new series of questions as to why reproductive timing differed since the downstream Tarawera River population was the only one known in New Zealand to exhibit this trait. The two possibilities were that this was a specifi c adaptation to effl uent exposure, or that it was a natural occurrence due to local subpopulations. Evaluation of a population of common bully from the Rangitiki River revealed that they had a similar January reproductive status to the Tarawera population (as sampled in January 2004). Since these populations appeared comparable in reproductive timing, it was concluded that the downstream Tarawera bully had a signifi cantly lower condition factor than the Rangitiki River fi sh. Subsequent evaluation focused on the possibility that upstream and downstream populations formed two genetically distinct populations.
To facilitate genetic analysis, two additional sites were included . A statistical simplifi cation (of over 180 polymorphic genetic markers) of the anonymous genetic techniques used (AFLP or amplifi ed fragment length polymorphism) indicated two main genotypes. The downstream Tarawera River and Rangitiki River populations were dominated by one genotype, whereas the Lake Tarawera, upstream Tarawera River, and Kaituna River were all dominated by a second distinct genotype; thus there was a clear genetic differentiation between upstream and downstream in the Tarawera River. Lakes Rotorua and Tarawera were known to be stocked with forage fi sh of Waikato River origin in the early 1900s. While gene fl ow in an upstream direction is unlikely due to physical barriers (e.g. waterfalls), gene fl ow in a downstream direction is feasible.
The results of these combined genotype and phenotype analyses show distinct populations in the downstream Tarawera and Rangitiki Rivers dominated by diadromous bully . It was speculated that the dominant genotype in the upstream Tarawera River population was owing to both dominant recruitment from the upstream Lake Tarawera population and an absence of diadromous bully recruitment due to inland distance. However, Rangitiki River data from a recent study indicate that diadromous common bully may recruit at least 40 km inland, and the absence of diadromous recruits in the upstream Tarawera could suggest that factors additional to inland distance infl uence fi sh migration in the Tarawera River system (Bleackley et al. 2009 ). Michel et al. 2008 showed signifi cant gene fl ow occurred down the Lake Rotorua-fed Kaituna River (at one of the closest sites to the sea), whereas gene fl ow has been limited down the Tarawera River. In this regard the Kaituna and the Tarawera Rivers are perhaps the only analogous sites in the country since both originate from lakes stocked with bully from the Waikato River. One speculative possibility is that periods of hypoxia in the downstream Tarawera River favour the winter spawning diadromous stock when oxygen would not be reduced, helping larval survival, or additionally, effl uent avoidance could infl uence migration in the Tarawera River (Bleackley et al. 2009 ). While questions remain, it is apparent that the Rangitiki River was the only known site in New Zealand that could provide an appropriate reference site with regards to fi sh health studies.
Subsequent comparisons of the health of common bully using the Rangitiki River as the reference location were conducted from January to December 2007 (Bleackley et al. 2009 ). Bimonthly analyses of gonad growth confi rmed that bully in the downstream Tarawera and Rangitiki rivers possessed similar reproductive timing, with spawning occurring in spring while both upstream populations indicated summer spawning. Gonadal recrudescence seems to occur at a similar time, but later spawning populations seem to maintain their gonads longer before maturation.
An in depth analysis was done of bully physiological parameters in July when both downstream Rangitiki and Tarawera river populations were both in prespawning condition. Comparisons of prespawning bully showed that the Tarawera River population had higher (8.6%) GSI than the Rangitiki population (5.4%), though it appeared that the Tarawera bully were slightly advanced in spawning time since the Rangitiki population reached a maximum GSI of 8% in September (Landman et al. 2010) . Thus it appears that there was no evidence of reduced reproductive growth in the effl uent-impacted downstream Tarawera River population. Ovarian follicle size was histologically examined and found to be the Same between sites. The ability of the ovarian follicles to produce sex steroid hormones was also measured in July, and the Tarawera bully showed some statistically signifi cant increases in steroidogenic capacity, which is likely consistent with their slightly advanced reproductive timing.
There were also no differences in bully body condition or liver size during the July 2007 sample period. Haematological parameters were examined and there were no differences in red blood cell parameters. Female bully had signifi cantly higher counts of white blood cells. Hepatic MFO activity was signifi cantly induced in male and female bully below the Tasman Mill effl uent outfall, indicating exposure to classes of organic compounds that elicit this response. Neutral metabolites of resin acids such as retene were detected in sediment below the mill outfall at the time of fi sh collection, and this compound is known to cause EROD induction.
Chronological Summary
Summarizing over a decade of fi sh health research on the Tasman effl uent is very challenging due not only to multiple species and testing methods, but also due to the long-term and day-to-day changes in effl uent quality that occurs at every pulp mill. With ongoing mill changes, effects observed in the mid-1990s are not necessarily relevant to the current or future situation in the Tarawera River. Thus, results must be put in context of the chronology of the studies, the long-term effl uent trends, and effl uent quality at the time of the experiments; this section will attempt to synthesize these data in the context of these factors.
Effl uent Quality
While bulk chemistry parameters are continually monitored by the mill, there has not been a consistent monitoring program that examined detailed effl uent chemistry. The most consistent efforts were weekly samples taken during the mesocosm studies from 1998 to 2003 ). Other than these, chemistry has been sporadic. An examination of the concentrations of the three main extractive classes (resin acids, neutrals, and sterols) revealed a generally fl at or slightly declining trend for resin acids, and a potential decrease in neutrals and sterols over the 1998 to 2003 period ). This should be interpreted cautiously since the lower concentrations of neutrals and sterols often challenge detection limits. Chemical evaluation performed during the 1998 to 2003 exposures had an almost 10-fold lower detection limit than the standard analysis methods due to the prefi ltration of 1 L of effl uent. A second important observation was made from the detailed 1998 to 2003 data, and that was the extreme week-to-week variability that occurs in effl uent chemistry ). The implication of this is that any biological assay based on a grab sample may not be representative of the average effl uent chemistry. Furthermore, it can be concluded that frequent sampling is required to obtain a true picture of trends in effl uent chemistry.
During the 1998 to 2003 mesocosm studies, it was noted that the relative abundance of individual resin acids can provide a "fi ngerprint" that may be diagnostic of changes in mill operations or effl uent treatment. While the absolute concentration of resin acids and other extractives changes dramatically from day to day, the relative composition of the major extractive components is somewhat more constant. It is apparent from the resin acid profi les that there were two major changes over the 10-year period examined (van den ). The fi rst substantial change in 1998 was the virtual elimination in chlorinated resin acids that occurred when bleaching with molecular chlorine was discontinued. The second change occurred at around the time of full screen room closure in 2000. Prior to this change, the abietane resin acids, abietanic, and 13-abietenic acid, represented almost 40% of the total resin acids. This changed substantially and permanently in 2000, and abietic acid became the predominant resin acid.
While no biological interpretations can be made regarding the changes in resin acid profi les, biological effects of pulp and paper effl uents are generally thought to be mediated by the organic extractives (Hewitt et al. 2008) . The studies from 1998 to 2003 separated organic extractives into fi lterable (glass fi bre type C) and non fi lterable portions and found that 34 to 97% of resin acids remained on the fi lter paper (with a mean of 75%) and greater than 85% of neutrals and sterols partitioned onto solids. Similarly, a signifi cant fraction of nutrients have been found to be associated with solids (Slade et al. 2004 ). Thus, in general, extractives and nutrients will correlate with organic solids, though not with inorganic solids. While volatile suspended solids would be the best predictor, routine total suspended solids (TSS) measurement is conducted by the mill. Given that losses of inorganics in lime are sporadic, the use of TSS would serve to increase the variability in any relationship with extractives. Stormwater can also enter the treatment ponds and could be a source of TSS. To examine the load of pulp and paper organics, biological oxygen demand (BOD) was also examined over the time frame of the studies at hand. Recent unpublished studies (Kovacs et al. In press) have shown BOD to be a good correlate of reductions in fathead minnow egg laying.
Over the decade from 1998 to 2008, daily TSS and BOD measurements showed a statistically signifi cant decrease (Fig. 3, p < 0.001 ). This decrease, representing a magnitude of about 25%, should be roughly proportional to a similar decrease in organic extractives and nutrients. The improvement in TSS concentrations cannot be solely attributed to major in-mill changes, but are likely refl ective of better treatment system maintenance over the past decade. The most substantial part of the TSS decrease occurred during the fi rst half of the last 10 years, while BOD reductions were more apparent in the latter half of this period. 
Chronology of Biological Effects
The studies described herein were primarily based on a research program, not on a monitoring program. While this is advantageous in terms of ensuring the rigor of the work through peer review, it is disadvantageous in that the same endpoints were not generally measured in the same way over the duration of these studies. A chronology was prepared which summarized the main effects of either exposure to Tasman effl uent (only at environmentally relevant concentrations), or to the receiving environment in the river (Fig. 4) .
From this chronology we could draw a number of conclusions. Firstly, MFO activity, a known biochemical indicator of effl uent exposure, no longer occurred in direct Tasman Mill effl uent exposures after screen room closure in 2000. However, MFO induction did occur in eel and bully, caged or collected in the fi eld after this time (van den Heuvel et al. 2006b (van den Heuvel et al. , 2007 Landman et al. 2010) . This suggests an effect of either other effl uent(s) entering the river, or else an effect of exposure to accumulated solids in the river (which did not occur in laboratory and mesocosms exposures). The resin acid neutral, retene, is a known MFO inducer, and the neutrals appeared to be declining in this effl uent but continued to be measured in downstream sediments. While MFO induction has not been clearly mechanistically linked to more relevant biological effects, there has always been a strong association. The elimination of MFO induction does eliminate the possibility of effects occurring through this mechanism but not through other mechanisms.
A number of reproductive effects, namely mosquitofi sh masculinization and depressed gonad size in female trout, also disappeared after mill screen room closure. Some reproductive effects emerged, including reduced in vitro steroid production in mosquitofi sh and an apparent stimulation of reproductive function in male trout. In this latter case it is diffi cult to conclude whether this is a new pattern of response, or just due to the fact that this was a longer exposure. Despite these altered responses, it appears that some factor responsible for alterations in reproduction was removed at the time of screen room closure.
A large part of the variability from experiment to experiment can be explained by the dramatically varying effl uent strength (concentration of organics), which is often not measured until experiments are completed. These rapid changes in effl uent strength can be observed in the concentrations of extractives presented in the above section. As another example, two successive experiments in the chronic dissolved oxygen studies showed a fi ve-fold difference in effl uent strength as measured by organic extractives (Landman et al. 2006) . To a large extent, this effl uent variability is averaged out by endpoints that develop over the longer term, such as condition factor, growth, and energy allocation for gonads, rather than by endpoints that respond rapidly. Mesocosm studies were particularly powerful in that they average the effects of varying effl uent quality and provide an answer that is specifi c to the effl uent being tested at the time it is being tested, as opposed to legacy contaminants or other sources of contaminants that may be present in the river. However, they lack the relevance of the receiving environment itself.
Given the variability inherent with the biological testing of effl uents and the strength and dilution of the Tasman Mill effl uents, it is not surprising that some subtle effects should come and go. For example, resin acids are generally considered to be the major factor in acute lethality of softwood effl uents. Acute lethality of resin acids as measured by the LC50 (median lethal concentration) generally occurs just above 1 mg/L. Full strength Tasman effl uent averages just below 1 mg/L of total resin acids. While sublethal effects of resin acids are reported as low as 20 μg/L (Oikari et al. 1983) , an acute to chronic ratio of 10:1 is probably more realisticmeaning a conservative effects threshold of about 100 μg/L for resin acids. With a 5 to 15% dilution of effl uent in the river, and signifi cantly varying effl uent strength, the concentration of resin acids would hover around the threshold for sublethal effects.
Efforts to measure effects on fi sh populations in the river itself have been diffi cult. However, on some occasions there appears to be a pattern of lower condition factor in the river as compared with reference locations. This is not surprising given that habitat available for most species of fi shes comprises a 1-to 2-m section at the edges of the river. This would suggest overall lower food availability. This was not the case with recent studies on the common A B bully since condition did not differ in comparison with the Rangitiki River populations. This study also showed for the fi rst time that reproductive development of bully in the lower Tarawera River is normal. The downstream Tarawera River is substantially modifi ed and fi sh capture is generally diffi cult due to a low density, high fl ow, moving pumice bed, and the almost complete absence of habitat where biota can seek refuge. Thus, the response in the downstream Tarawera River is probably more infl uenced by habitat than by the effl uent itself.
The overall trend presented in this report is one where an initially good quality effl uent continues to show gradual improvement in terms of both chemical and biological endpoints in fi shes. Clearly, the studies presented in this report were limited in their scope to physiological effects in fi shes. While fi shes can be powerful monitoring species, their study is only intended to represent one component of a comprehensive environmental effects monitoring program. The detailed study of the Tasman Mill effl uent, while useful, has come at the expense of a detailed ecological study of the receiving environment itself. The counterpoint to this is that we can make a relatively strong conclusion about the quality of the Tasman Mill effl uent and its potential effects-a very diffi cult task to accomplish with in-river studies.
Conclusions
Over the time period encompassed by these studies, a considerable body of literature has also been published derived from research in North America and Scandinavia. Currently, new research is also rapidly emerging from South America. The literature is too extensive to review in detail here, and has been previously reviewed on a number of occasions over the past decade and a half (Kovacs et al. 1997 (Kovacs et al. , 2005 Munkittrick et al. , 1998 Munkittrick et al. , 2003 Hewitt et al. 2008; van den Heuvel 2010) . This body of knowledge has been further enhanced by the Canadian Environmental Effects Monitoring program for pulp and paper effl uent, the only mandatory program of its type in the world. The Environmental Effects Monitoring program has been active since the early 1990s and provides a long-term dataset of monitoring for every pulp and paper mill in Canada (Lowell et al. 2005 ). Thus, we will conclude only on aspects of the Tasman mill studies that are unique, or add signifi cantly to the international body of literature.
One of the unique conclusions to come out of this body of work was that observation that genetic difference can be important in environmental effects monitoring (van den Heuvel et al. 2007; Michel et al. 2008) . In this case, genetic difference and the resulting phenotypic reproductive changes prevented an upstreamdownstream comparison. However, there was still uncertainty as to whether or not effl uent was preventing the mixing of those genotypes. To our knowledge such observations have not previously been observed with regards to the environmental monitoring of the effects of pulp and paper effl uents in fi shes. However, genotype environment interactions is an emerging area of interest, and relationships between genotype and the ability to survive adverse conditions (Devlin et al. 2004 ) and potential adaptations to environmental pollution have been documented (Fisher and Oleksiak 2007) .
The mesocosm studies conducted as part of the Tasman Mill program also contributed to our limited understanding of the interactions between modifying factors and effl uent impacts. The fi rst such modifying factor was the timing of exposure, and earlier mesocosm studies suggested that effects on female gonads were only manifest when exposure was initiated before the onset of vitellogenesis. A second modifying factor examined was energy intake, and there has also been a limited body of research in this area. Previous experiments with dietary manipulation experiments showed that pulp mill effl uent exposure increased energetic or metabolic demand in brown trout (Salmo trutta) (Vuorinen and Vuorinen 1985) and more recently in rainbow trout (Mattsson et al. 2001) . While there were subtle and inconsistent indications of this in the Tasman Mill studies, the larger question was whether varying levels of energy intake (likely to occur in wild populations) could infl uence how trout responded to the effl uent. From this perspective, energy intake did not appear to substantially infl uence the response of fi sh to the effl uent treatments.
One major conclusion can be drawn from this body of knowledge: subtle effects on fi sh physiology, including reproductive changes, continue to be observed but have substantially diminished as effl uent quality improves. This conclusion was accomplished through focused mesocosm and laboratory studies, and the lack of effects was confi rmed using a fi eld model. However, the fi eld studies conducted indicate the full range of diffi culties inherent in fi eld studies, including the appropriate choice of reference locations, separating present-day effl uent effects from historic contamination in sediment, sampling in challenging aquatic environments, and separating the effects of multiple sources of contaminants. Many of those challenges were overcome by adopting a smallbodied fi sh model, an approach that also improved the success of the early cycles of the Canadian Environmental Effects Monitoring program.
Thus, the trends in effects internationally, and how we measure them, have paralleled our experience with the Tasman Mill effl uent. Research on the identity of bioactive compounds in effl uent is continuing, but it is apparent from both the Tasman Mill and international studies that this knowledge is not required to eliminate problems. Limiting wood extractives from reaching the environment through either elimination of their discharge to sewer, or through consistent treatment is suffi cient to eliminate biological effects in fi shes. 
